Heart formation requires the coordinated recruitment of multiple cardiac progenitor cell populations derived from both the first and second heart fields. In this study, we have ablated the Bmp receptor 1a and the Wnt effector ␤-catenin in the developing heart of mice by using MesP1-cre, which acts in early mesoderm progenitors that contribute to both first and second heart fields. Remarkably, the entire cardiac crescent and later the primitive ventricle were absent in MesP1-cre; BmpR1a lox/lox mutants. Although myocardial progenitor markers such as Nkx2-5 and Isl1 and the differentiation marker MLC2a were detected in the small, remaining cardiac field in these mutants, the first heart field markers, eHand and Tbx-5, were not expressed. We conclude from these results that Bmp receptor signaling is crucial for the specification of the first heart field. In MesP1-cre; ␤-catenin lox/lox mutants, cardiac crescent formation, as well as first heart field markers, were not affected, although cardiac looping and right ventricle formation were blocked. Expression of Isl1 and Bmp4 in second heart field progenitors was strongly reduced. In contrast, in a gain-of-function mutation of ␤-catenin using MesP1-cre, we revealed an expansion of Isl1 and Bmp4 expressing cells, although the heart tube was not formed. We conclude from these results that Wnt/␤-catenin signaling regulates second heart-field development, and that a precise amount and/or timing of Wnt/␤-catenin signaling is required for proper heart tube formation and cardiac looping.
T
he vertebrate multichambered heart is the first organ that forms during development (1) . The heart forms from two separate progenitor cell lineages, the first heart field (FHF) and the second heart field (SHF), which arise from a common progenitor at gastrulation (2) . At embryonic day (E) 6.5, these progenitors express the essential transcription factor MesP1 (mesoderm posterior1; ref. 3) , which is the earliest transcription factor required for the movement of mesoderm-derived cardiac precursors to the future heart region. The FHF progenitors form the cardiac crescent, whereas SHF progenitors are found medially to the crescent. The cells of both heart fields then move to the midline, where the FHF progenitors form a linear heart tube that later contributes to the left ventricle. Cells of the SHF proliferate, migrate, and join with cardiomyocytes of the FHF, resulting in the rightward looping of the cardiac tube. Finally, cells of the SHF contribute to the future right ventricle and the inflow and outflow tracts (4) (5) (6) (7) .
From E7.5 onward, cells of both progenitor heart fields can be distinguished by the expression of specific transcription factors and signaling molecules: FHF progenitors express genes such as Tbx-5, eHand, and Bmp10, whereas SHF progenitors express Isl1, dHand, and Fgfs (4, 5, (8) (9) (10) . Wnt ligands also act as regulators of early cardiogenesis and are involved in the conversion of the linear heart tube to the multichambered heart (11) . Canonical Wnt ligands activate the expression of target genes through a pathway that is controlled by ␤-catenin (12) . Explant cultures in frog and chicken revealed that a zone of low Wnt activity is necessary to initiate cardiogenesis; for this, Wnt ligands secreted from the dorsal neural tube are inhibited by antagonists, Dkk-1, Crescent, and FrzB, which are expressed by the anterior endoderm, the neural tube, and the neural crest (12) (13) (14) (15) . In contrast, activation of canonical Wnt signaling in pluripotent mouse cells was shown to induce cardiogenic differentiation, whereas Wnt inhibitors blocked cardiogenesis (16) . Conventional deletion of ␤-catenin in mice prevented both anteriorposterior axis formation and subsequent mesoderm induction, resulting in the absence of heart structures (17) . Conditional ablation of ␤-catenin in neural crest cells by using Wnt1-cre affected outflow tract remodelling, whereas ablation of ␤-catenin in mouse embryonic endoderm by using Ker19-cre caused cell-fate changes from endoderm to precardiac mesoderm, which resulted in ectopic formation of multiple hearts (18, 19) . Until now, the controversy of whether activation or repression of canonical Wnt signaling is required during early cardiogenesis has not been resolved. It is also not known how canonical Wnt signals control the heart-specific transcriptional machinery (1, 2) .
Bmp signals also participate in the formation of the heart. Bmp ligands activate the expression of target genes through Smad1/5/8 (20) . In chicken embryos, Bmp signaling acts early in cardiogenesis and promotes differentiation of FHF and SHF progenitors (6, 21, 22) . In the mouse, conventional ablation of the Bmp receptor 1a abolished mesoderm formation at the onset of gastrulation, and thus no heart was formed (23) . Conditional deletions of Bmp2, Bmp4, and the Bmp receptor 1a in the heart and the neural crest by using Nkx2-5-cre, MHC-cre, and Wnt1-cre, respectively, caused late effects on cardiogenesis, i.e., defects in trabeculation, septation, and cushion formation (20, (24) (25) (26) . However, the question of whether Bmp signaling is also required for early cardiogenesis in mice remained open. It is also not known how Bmp signals control the heart-specific transcriptional machinery (1, 20) .
Results
To define cells that receive canonical Wnt signals in the developing heart, we used our Axin2 lacZ allele in mice (27) . Axin2 (Conductin) is a well characterized ␤-catenin/Tcf target gene. Enhanced Wnt/ ␤-catenin signaling (␤-gal expression) can be detected at E8.35 in the SHF progenitors, but not in the cardiomyocytes of the FHF [supporting information (SI) Fig. 6 A-D] . We also assessed the phosphorylation of Smad1/5/8 as readout for Bmp signaling: Phospho-Smad1/5/8 was detected in cells of both the FHF and the SHF (SI Fig. 6 E and F) . These results indicate that Bmp signaling is activated in both heart fields, whereas canonical Wnt signaling is activated in the SHF.
Loss of Bmp Signaling Prevents the Formation of the FHF.
We performed a conditional knockout of the BmpR1a in heart progenitors by using MesP1-cre (28, 29) . Strong expression of BmpR1a is observed in the forming cardiac crescent at the zeroto three-somite stages (see SI Fig. 7 A and B) , whereas at the sixto eight-somite stage, the expression of the BmpR1a is restricted to the SHF (SI Fig. 7 C and D) . MesP1 is the earliest known gene that is expressed in all mesodermally derived structures of the FHF and SHF from E6.5 onward (3, 30, 31) . We have assessed cre activity by using the Z/AP indicator mice, and MesP1-cremediated recombination of the Z/AP reporter gene was indeed observed in the early developing heart (data not shown and ref. 32) . Remarkably, in MesP1-cre; BmpR1a lox/lox mutants, the entire cardiac crescent and the entire primitive ventricle were absent, and only a small cardiac field remained (see Fig. 1 A-C (4, 31) were still expressed in the small remaining cardiac field (Fig. 1 D-G . We also examined Mef2c, which is expressed in the SHF driven by a specific enhancer (34) . Mef2c expression is reduced but not lost in BmpR1a loss-of-function mutants (SI Fig. 7 M and N) . At the two-somite stage, Nkx2-5 was initially broadly expressed in the lateral plate mesoderm of the BmpR1a lox/lox mutants (SI Fig. 7 E-F1), but it is not properly maintained at later stages. These data indicate that, in the BmpR1a mutants, cardiac precursors are initially formed but that they are not maintained and can therefore not differentiate and form the cardiac crescent. We did not observe a general growth retardation effect in the MesP1-cre; BmpR1a lox/lox embryos. For instance, the somite numbers increased as expected from E8.0 to E9.0 (2-to 20-somite stages), although the morphology of the mutant embryos was perturbed. However, we observed expression of the cardiomyocyte marker MLC2a in a small central region at the eight-somite stage ( Fig.  1 L and M) , but not at the three-to four-somite stage (SI Fig. 7 G and H) (35) . This indicates that, whereas FHF derivatives such as the primitive ventricle are absent in the BmpR1a lox/lox mutants, some cardiomyocytes of the SHF still formed. These results suggest that Bmp receptor 1a signaling controls the generation of cardiomyocyte progenitors in the FHF.
Wnt/␤-Catenin Signaling Is Required for the Generation of the SHF and
for Looping Morphogenesis. Because Wnt/␤-catenin signaling is activated specifically in the SHF, we used our floxed ␤-catenin mice (36) to conditionally inactivate the ␤-catenin gene in this tissue, again by using MesP1-Cre mice. The mutant ␤-catenin allele contains two loxP sites that flank exons 3-6; upon recombination, essential parts of the ␤-catenin gene are deleted and a null mutation is generated (36) . Immunofluorescence analysis of the conditional MesP1-cre; ␤-catenin lox/lox mutants demonstrated that at the six-somite stage, ␤-catenin was indeed absent in the primitive ventricle (pV) and SHF ( Fig. 2 A and B and SI Fig. 8 A-B1), although heart morphology was not significantly affected at this stage ( Fig. 2 C and D) . In contrast, cardiac looping was completely disrupted and the outflow tract was shortened at the eight-somite as well as at later stages in the conditional loss-offunction mutations as assessed by staining for Nkx2-5 and MLC2a and by H&E staining (Fig. 2 E-H and SI Fig. 9 C-F1 ). The left ventricle as well as inflow and outflow tracts were readily seen in the control; only the pV and a shortened outflow tract could be seen in the mutant, as shown in sagital sections of the heart ( Fig. 2 G and H; see also the scheme of the sections in Fig. 2I, squares) . Thus, the cardiac structures at the eight-somite stage of the mutant grossly resembled those of the six-somite stage in the control (compare Fig. 2C with Fig. 2H ). We did not observe MesP1-cre; ␤-catenin lox/lox mutants in which cardiogenesis proceeded beyond this stage. There was no general growth retardation effect in the MesP1-cre; ␤-catenin lox/lox embryos, because the somite numbers increased from E8.0 to E9.75. Whole-mount in situ hybridizations and transverse sections demonstrated that markers of the FHF such as Tbx-5 and Gata4 were normally expressed in MesP1-cre; ␤-catenin lox/lox mice, whereas eHand was expressed throughout the primitive ventricle ( We next examined the expression of SHF markers in MesP1-cre; ␤-catenin lox/lox mutants (Fig. 3) . Isl1 marks cardiac precursors of the SHF (4) and was indeed strongly reduced at both the anterior and posterior regions in MesP1-cre; ␤-catenin lox/lox mice, in particular in the outflow tract and the splanchnic mesoderm ( Fig. 3 B and C ; see also transverse sections in Fig. 3 B1-B4 and C1-C4; note arrowheads and arrows in B2 and C2). Transverse sections showed that Isl1 is also expressed in the foregut endoderm of control embryos and that it is not reduced in the ␤-catenin loss-of-function mutants (SI Fig. 8 G-I) . Wnt11 has been shown to be expressed in the myocardium of the outflow tract (37) , and Wnt11 was expressed in this region in both control and mutant embryos, although the outflow tract in the mutant was shortened (Fig. 3 D and E) . The expression of dHand, Bmp7, 
MesP1-Induced Gain-of-Function Mutation of ␤-Catenin Prevents
Heart Tube Formation. We next characterized MesP1-cre; ␤-catenin loxEx3/ϩ mice that carry a conditional gain-of-function mutation of ␤-catenin ( Fig. 4; refs. 29 and 38) . Recombination of the ␤-catenin loxEx3 allele leads to the expression of a constitutively active ␤-catenin that lacks N-terminal phosphorylation sites essential for its degradation (38) . Immunofluorescence analyses demonstrated that ␤-catenin was located nuclearly in cardiac mesoderm of FHF and SHF at the five-somite stage in MesP1-cre; ␤-catenin loxEx3/ϩ mutants (SI Fig. 8 A1 and C1) . The cardiac crescent in MesP1-cre; ␤-catenin loxEx3/ϩ mutants was initially formed normally, as shown by in situ hybridization for Nkx2-5, Gata4, Tbx-5, and eHand (Fig. 4 A-D and SI Fig. 8 J-O) . However, the expression of Isl1 appears enhanced and broadened at both crescent and looping stages (Fig. 4 E, F , M, and N and SI Fig. 8 G-I) . There was no general growth retardation effect in the MesP1-cre; ␤-catenin loxEx3/ϩ embryos, because the somite numbers increased from E8.0 to E8.75. Remarkably, the formation of a linear heart tube was severely disrupted in the gain-of-function ␤-catenin mutants (Fig. 4 G-N) . Instead, two separate clusters of cardiomyocytes were formed laterally, suggesting a defect in migration of FHF and SHF progenitors as indicated by in situ hybridization for MLC2a or Mef2c (Fig. 4 G, 
H, K, and L).
Bmp4 Is a Target of Wnt/␤-Catenin Signaling in the SHF. The expression of Bmp4 in the SHF has been previously reported in both mouse and chicken embryos (6, 25) . In our study, we found a complete absence of Bmp4 expression in the heart region of conditional ␤-catenin loss-of-function mutant mice. In contrast, a strong up-regulation of Bmp4 could be observed in the gain-of-function mutation at the crescent and heart-tube stages ( A-C). Furthermore, we assessed whether strong Wnt/␤-catenin signaling affects proliferation and apoptosis in FHF and SHF by scoring for phospho-histone H3 (pHH3) and TUNEL staining in Isl1 ϩ and Isl1 Ϫ heart cells at the four-to six-and eight-somite stages. In the loss-of-function mutants, a 41% reduction of SHF proliferation was observed at the four-to six-somite stage, but not at the eight-somite stage (P ϭ 0.048; see Fig. 5G and SI Fig.  10 ). However, in the gain-of-function mutants, SHF proliferation was unaffected, whereas the proliferation rates of FHF were elevated by 2.1-fold (P ϭ 0.001). Moreover, we were able to demonstrate that the increase in SHF proliferation correlated to an increase in the number of Isl1 ϩ cells (33.5%, P ϭ 0.01) from four-to six-somite stages to eight-somite stages in controls, whereas the MesP1-cre; ␤-catenin lox/lox mutants' Isl1 ϩ cell count remained unaffected (Fig. 5I) . Importantly, the difference in SHF proliferation did not correlate with apoptotic defects in loss-of-function embryos; apoptotic rates were unaffected, whereas apoptosis in the SHF of gain-of-function embryos was induced (2.7-fold; P ϭ 0.007) as shown by TUNEL analysis (Fig.  5H) . These findings suggest that Wnt/␤-catenin signaling is required to promote proliferation of Isl1 ϩ cells. However, direct transcription of Isl1 was not affected. The data therefore suggest that Bmp4 rather than Isl1 is a target of ␤-catenin signaling in the SHF.
Discussion
We conditionally ablated the Bmp receptor 1a and the canonical Wnt effector ␤-catenin in the developing heart by using MesP1-cre, which is already functional in mesenchymal cardiac precursors that contribute to cells of the FHF and SHF. Ablation of the BmpR1a by MesP1-cre resulted in the complete absence of FHF specification. In contrast, loss-of-function mutations of ␤-catenin induced by MesP1-cre affected specifically the SHF, but not the FHF.
Conditional ablation of the Bmp receptor 1a in cardiac precursors resulted in the absence of the cardiac crescent and the , heart tube, and looping stages (lateral views). The time points are indicated at which Bmp receptor 1a and Wnt/␤-catenin signaling function in heart development. Bmp receptor 1a signaling (red) affects the FHF (red) (a role in SHF development could not be examined), whereas ␤-catenin signaling (green) affects the SHF (green). (Right) the magnification of the looped heart shows how ␤-catenin or Bmp receptor 1a signaling might affect heart-specific gene expression. The scheme also indicates where these factors are expressed in the FHF (red) and SHF (green). loss of the expression of FHF specific genes such as Gata6, Tbx-5, and eHand (see scheme in Fig. 5J) . Apparently, Bmp signaling is crucial in the mesodermal precursors and/or the early FHF cells, which is a previously undescribed finding in heart morphogenesis of mice. We also show that Nkx2-5, a gene essential for cardiac precursor formation and differentiation (33) , is initially present in the forming crescent but is strongly reduced at later stages. This phenomenon results in a block of early cardiac differentiation in the BmpR1a mutant, as has been shown in Xenopus (40) . Overexpression of Bmp2 and implantation of Noggin-expressing cells in chicken embryos had previously been shown to induce and prevent early heart generation, respectively, but FHF and SHF were not distinguished at that time (21) . It is known that Nkx2-5 controls the expression of the essential transcription factor eHand in FHF cells (2) . However, Nkx2-5 is also expressed in differentiating cardiomyocytes of the SHF (1, 2) , and the minute amounts of residual Nkx2-5 in the BmpR1a mutants at later stages might indeed be expressed in this SHF. Together, our data suggest that, in the absence of BmpR1a signaling, heart progenitor cells fail to progress toward the heart-specific lineages, i.e., myocardial progenitor cell markers are expressed and myocardial differentiation is compromised, with only a few myocardial cells appearing later and thus no heart is formed. In a recent publication, Smad1 had been shown to be required at later stages of cardiogenesis in mice (41) . We show that loss of BmpR1a results in an earlier and stronger phenotype. This discrepancy may be explained by compensation by Smad5 in the Smad1 loss-of-function mutants (41) . Because defects in FHF specification were so dominant in BmpR1a mutants, a role of Bmp receptor signaling in SHF development could not be examined in this mutant.
In contrast, conditional ablation of ␤-catenin by MesP1-cre resulted in absence of cardiac looping, reduced right ventricle, and a lack of Isl1 ϩ progenitor cells in the SHF (Fig. 5J ). It had previously been shown that Isl1 ϩ precursors of the heart are particularly important for outflow tract and right ventricle formation and that the atrial myocardium seemed to be reduced in the absence of Isl1 (4). Loss-of-function ␤-catenin prevented Bmp4 expression in SHF cells, which acts upstream of Isl1 in the chicken and controls outflow tract septation in mice (6, 20, 25) . Along this same line, gain-of-function mutation of ␤-catenin resulted in an expansion of Isl1 ϩ progenitors and in the strong promotion of Bmp4 expression. The expression of other essential genes for the generation of the SHF was not changed, indicating that their expression is independent of ␤-catenin function. It is known that the generation of SHF progenitors requires cell proliferation, cell migration, and differentiation, which are essential processes for cardiac looping and right ventricle formation (2, 4). Our cell proliferation analyses in control and mutant embryos suggest that ␤-catenin signaling is required for SHF proliferation at crescent stages, which mainly resulted in the reduction of Isl1-expressing cells at later stages. Additionally, lack of dispersion of the progenitors into the right ventricle and the formation of two separate fields of differentiated cardiomyocytes were observed, suggesting that cell migration and/or differentiation are defective in our ␤-catenin mutant hearts. The expression of Bmp2 in the outflow tract myocardium also appeared elevated in loss-of-function ␤-catenin mice, which is in agreement with recently published work, showing that Bmp2 via Smad1 signaling is required for suppression of proliferation (41) .
Recent work has identified several steps in which Wnt activation and Wnt inhibition are required in early embryogenesis (12) . Canonical and noncanonical Wnt signaling are essential for the formation of embryonic axes and mesoderm formation and patterning (17, 42, 43) . In contrast, inhibition of canonical Wnt signaling is required for head formation (44, 45) . Both, canonical and noncanonical Wnt signaling are also crucial for heart formation (11) . Experiments with explant cultures from chicken and frog embryos indicated that repression of canonical Wnt signaling is required for early cardiogenesis (13) (14) (15) 46) . Experiments in mice were not conclusive because (i) in pluripotent mouse cells, Wnt inhibitors blocked the differentiation of cardiomyocytes (16, 47) ; (ii) conditional ablation of ␤-catenin by using cre that acted later caused defects in outflow tract remodelling (18) ; and (iii) several canonical Wnts are expressed in the precardiac mesoderm, in the outflow and inflow tracts of the linear heart tube, or within the developing myocardium. These data indicated that some Wnt signaling may be required for proper heart formation (11) . With the MesP1-cre, we removed competence to respond to Wnt signaling before specification of FHF and SHF progenitors. However, we did not observe defects in FHF development, indicating that Wnt signaling is not required at this step. In contrast, SHF specification was severely disturbed, resulting in a lack of cardiac looping and proper outflow tract and right ventricle formation. It was recently shown that defects in right ventricle and outflow tract formation are also observed when competence to Wnt signaling was removed during and after SHF specification (48, 49) . Our results using both loss-and gain-of-function mutations of ␤-catenin suggest that it may be the amount of Wnt/␤-catenin signaling that is important for early cardiogenesis. High levels of functional ␤-catenin in precardiac mesoderm prevented the fusion of cardiac crescent cells to the linear heart tube, whereas loss of ␤-catenin averted cardiac looping. However, as fusion of cardiac crescent cells and cardiac looping are temporally separate events, we might also consider that the timing of Wnt signaling is important.
The question arises of how the two developmental signaling pathways, Bmp and canonical Wnt signaling, crosstalk with the transcriptional networks that had been established to be essential for heart formation ( Fig. 5J; ref. 2). Previous studies have shown that a positive role of Bmp signaling in the induction of cardiogenesis is conserved between species, mouse, chicken, frog, and fly, whereas the function of canonical Wnt signaling in heart induction has been discussed controversially (13-15, 18, 19, 50) . Our results suggest that the Bmp receptor 1a signaling in the FHF directly or indirectly controls the expression of the transcription factors Gata6, Tbx-5, and Nkx2-5, which were previously shown to regulate the expression of eHand ( Fig. 5J; ref. 2). Our observations agree with results on the early function of Bmp signaling in chicken cardiogenesis (6, 21, 22) . In chicken embryos, Bmp2 that is located medially to the heart-forming region induced the expression of Nkx2-5 and Gata4/5/6, whereas repression of Bmp signaling by Noggin-expressing cells, which are implanted in precardiac mesoderm, abolished Nkx2-5 and eHand expression (21) . The requirement of the Wnt/␤-catenin pathway for Isl1 ϩ SHF progenitors is consistent with its effect on Bmp4 expression; Bmp4 has been shown to play a major role during SHF specification upstream of Isl1 (6) . In chicken embryos, Bmps were also shown to be required for the incorporation of cells into the outflow tract myocardium (7) . Our data show that canonical Wnt signaling regulates specifically Bmp4, which is required for proliferation of Isl1 ϩ cells of the SHF and for recruitment of these cells into the forming outflow tract. These findings could be the explanation for the observed heart defects in loss-of-function ␤-catenin mutants. Studies in the fly have shown that wingless, the Wnt1 ortholog, collaborates with the Bmp homologue, decapentaplegic (dpp), to specify the formation of the dorsal vessel, which is reminiscent of the linear heart tube in vertebrates (50, 51) . Both, modulation of Wnt and Bmp signaling were shown to be required for cardiogenesis in chicken, but how and where these pathways can be linked remained unresolved (13) . Thus, we have shown a previously undescribed connection of Bmp and canonical Wnt signaling in SHF specification in mice. The further unraveling of the intricate interplay of the developmental signaling pathways with the heart-specific
